ABSTRACT: Meter-scale submarine cavities in Middle Cambrian shelfmargin microbial reef strata indicate large-scale dewatering processes, in conjunction with substrate instability related to interreef channeling and shelf-edge downslope creep and slip. Syndepositional cement precipitation within the cavities preserved delicate microbial fabrics and stabilized the reef system. Radiaxial fibrous calcite and herringbone calcite cements line the cavity interiors isopachously. The two phases cannot be discriminated on the basis of Fe, Mn, or Sr contents, but do have different isotopic signatures. Slightly more negative ␦ 13 C values in herringbone calcite suggest that abrupt transitions between radiaxial fibrous and herringbone calcite cement are the result of rapid and repeated changes in pore-fluid oxygen levels. Storm-driven pore-water circulation renewed oxygenated seawater flow into the cavities, resulting in precipitation of radiaxial fibrous calcite. A threshold level of oxygen reduction resulted in the change to herringbone calcite precipitation. The pore fluids associated with herringbone calcite did not have elevated Mn or Fe concentrations, as suggested in previous studies. Herringbone calcite appears to be more susceptible to diagenetic alteration than radiaxial fibrous cement however, as indicated by greater resetting of oxygen isotope values.
INTRODUCTION
Herringbone calcite is found predominantly in Archean deposits, where its distinctive morphology is interpreted to reflect precipitation in oxygendepleted seawater and the presence of high concentrations of growth inhibitors such as Fe 2ϩ or Mn 2ϩ Grotzinger 1996a, 1996b) . It is much less abundant in Phanerozoic rocks, where it typically occurs in primary and synsedimentary voids in subtidal, organic-rich carbonates (Sumner and Grotzinger 1996a) . In this paper, we describe the occurrence of herringbone calcite in limestones of the Middle Cambrian Ledger Formation in southeastern Pennsylvania (Figs. 1, 2A , B) that do not have elevated Fe or Mn concentrations, indicating they formed by a mechanism different than previously proposed by Sumner and Grotzinger (1996a) . The juxtaposition of radiaxial fibrous cements with herringbone cements potentially elucidates the changing environment within the cavities leading to precipitation of herringbone calcite.
The host rock is a microbial reef (de Wet et al. 1999 ) that contains a complex array of weakly layered, dark-colored, stromatolitic and dendrolitic (sensu Riding 2000) strata riddled with cavities ( Fig. 3) . Typically, cavities in marine carbonate strata are on the scale of 1 mm to a few centimeters (Monty 1995) , but the cavities described here range from 5 cm to over 2 m long. The cavities are lined with laminated, pendant, and shrubby microbial forms, overlain by multiple generations of radiaxial fibrous and herringbone calcite cement, and internal sediment. They are clearly syndepositional. A second objective of this paper is the determination of the origin of these unusually large cavities, thus providing insight into shelf-margin depositional processes such as wave and current winnowing and breaking of submarine cements, slumping and channel bank undercutting, and large-scale sediment dewatering.
Our results indicate that precipitation of herringbone calcite was associated with pore-throat constriction and reduction of porosity in the reef environment and facilitated by preexisting radiaxial fibrous cements. Diagenetic resetting of isotopic compositions indicates contact with burial fluids, but petrographic and compositional differences suggest changing redox conditions between precipitation of radiaxial fibrous and herringbone calcite.
METHODS AND PROCEDURES
Field studies were conducted at the LWB (formerly Baker) Refractories property in southeastern, Pennsylvania. Twenty-eight karst pinnacles across 12 hectares were mapped and logged to document vertical and lateral lithological variation. An additional 30 m (vertical) of limestone were logged from 10 cores. Orientation measurements of depositional surfaces, slumped strata, and calcite-filled fractures were used to differentiate between syndepositional slumping and later tectonic overprinting. Field measurements also include cavity dimensions, orientation, fill types, and host rock. Sample data includes thin-section examination in plane light, cathodoluminescence, and scanning electron microscopy.
Cement bands lacking discernable petrographic and cathodoluminescent evidence of diagenetic alteration, such as dissolution features or brightly luminescent cements, were microsampled and analyzed for Mn, Sr, Mg, and Fe concentrations and carbon and oxygen isotope ratios. Geochemical analyses were conducted using inductively coupled argon plasma (ICP) spectrometry at Franklin & Marshall College; the results are reported as ppm. Samples with excessive Mg (Ͼ 100,000 ppm) were considered contaminated by dolomite microinclusions and are not reported. Stable-isotope analyses were conducted at the University of Tennessee. Powdered samples were roasted at 375ЊC for one hour and reacted at 25ЊC with phosphoric acid (McCrea 1950) . Isotope ratios were measured on a Finnigan MAT Delta Plus mass spectrometer with reproducibility of Ϯ 0.05‰ for ␦ 18 O and ␦ 13 C measurements. All results are reported in standard delta per mil notation relative to V-PDB.
FACIES DESCRIPTION AND INTERPRETATION

Lithologies
The Ledger Formation has been interpreted as a Middle Cambrian shallow-water deposit dominated by shelf-margin ooid shoals (Gohn 1976; Taylor and Durika 1990; Taylor, personal communication 1997) and microbial reefs (de Wet et al. 1999) . It is a part of a 3.5-km-thick, Cambrian through Early Ordovician, continental ramp to rimmed shelf to slope accumulation of carbonate rocks that formed on the southeastern margin of the Laurentian continent (Read 1985 (Read , 1989 . The Ledger reef strata consist of three major lithologies: microbialite, grainstone, and cavities filled with microbial encrustations, cements, and internal sediments. The cavities and FIG. 1.-Polished slab showing fenestrae-rich microbial matrix (M) separated by a cement-filled cavity. Microbialite is very dense, with few fenestrae adjacent to the cavity walls (DM). White cement generations consist of radiaxial fibrous calcite (RFC), while light gray bands consist of herringbone calcite (HBC). Dark internal sediment patchily overlies the first generation of radiaxial fibrous cement (black arrow), and the bright spot in the center of the cavity is baroque dolomite. Slab in the field of view is 30 cm across. their infillings are so complex and abundant that they are described as a distinct lithology.
Microbialites.-Weakly bedded, dark gray to black limestone of the Ledger Formation is termed microbialite because of its non-laminated fabric, mesoscopic shrubby components, and microscopic clotted fabric (e.g., Riding 2000) (Fig. 4) . The limestone has a lumpy, gnarled texture, and beds may be up to 0.5 m thick (Figs. 4, 5) . Thrombolitic macrostructures are not apparent, but microbialite beds are sometimes interbedded with centimeter-scale domal stromatolites. Locally, microbialite beds are brecciated, slumped, or show evidence of scour and undercutting ( Fig. 5) (de Wet et al. 1999) .
Grainstone.-Grainstone, composed of well sorted, rounded to subrounded microbialite and cement intraclasts, ooids, and oncoids, occurs as beds, lenses, and channel lags (Figs. 5, 6) . Skeletal grains are rare, but trilobite, hyolith, and brachiopod fragments are present. Cross-stratified grainstone beds can be traced out in three dimensions, and show lens-like geometries whose bases truncate older layers. Grainstone-filled lenses truncate microbial layers, and have relief of up to 0.5 m, indicating the presence of former channels through the reef.
Cavities.-Cavities range in size from Ͻ 1 mm to up to 2 m long, and have a maximum height of 0.5 m. Smaller cavities (Ͻ 1 cm long) resemble fenestrae and are filled with fibrous to equant calcite cement. Two types of large (Ͼ 1 cm long) cavities are present. The first are cavities associated with sediment disruption. Cavities of this type occur within the hinge zone of small (5 to 50 cm scale) isoclinal slump folds, between jumbled and/or rotated, angular blocks of microbialite, or in places where underlying microbialite has been eroded or decayed away (Fig. 5) . These cavities are filled with grainstone or fibrous calcite cement.
Cavities of the second type have horizontal, flat to undulose bases, and irregular, dentate upper surfaces, often associated with vertical fractures that break out through cavity roofs and crosscut adjacent strata (Figs. 4,  7) . These cavities fit the description of stromatactis (i.e., a void space, usually a few millimeters to tens of centimeters long, with a smooth to undulating base and an irregular ceiling; Bathurst 1982) , but the Ledger cavities are generally much larger, extending up to 2 m laterally, and widening to 0.5 m. These cavities always have microbial encrustations within them, followed by a predictable succession of fibrous cement (up to 12 generations), and/or internal sediment, overlain by crenulated calcite cement (up to 4 generations), and/or more internal sediment, followed by pore-occluding, late-stage baroque dolomite (not discussed herein) (de Wet 1997; de Wet et al. 1999) (Figs. 1, 4, 7) . Mesoscopic to microscopic shrubs, bushes, and encrustations resembling calcified cyanobacteria are common (Fig. 4) . Internal sediment contains shell fragments and may lap over microbial encrustations or cement layers.
Some stromatactis-type cavities have fissures that extend upward from the main chamber (Figs. 4, 7, 8) . The subvertical to vertical fissures always extend upward, never downward, and range in width from a few millimeters to 5 cm wide. They may continue vertically for over 1 m, cut across overlying microbialite layers, and are lined with microbes and/or fibrous and crenulated cement (Figs. 4, 7, 8) .
Facies Interpretation
Quaternary microbialite from Tahiti shows a two-tier arrangement of clotted or mottled microbialite overlaying dense microbialite (Camoin et al. 1999) , similar to the Ledger microbialite. Camoin et al. (1999) interpret this fabric as indicative of in situ precipitation of carbonate in an organic mucilage. The similarity of structures between the Quaternary and Cambrian examples suggests that the Ledger strata formed through comparable processes of microbial-related biomineralization and mineralization (sensu Riding 2000) . The microscopic clotted or peloidal texture (''grumeleuse'') suggests that it formed in situ through biologically mediated carbonate precipitation around bacterial cells and colonies (Chafetz and Buczynski 1992; Camoin et al. 1999; Riding 2000) . Shrubby, dendrolitic, mesoscopic fabrics are interpreted as microbial constructs (James 1981; Pratt 1984; Riding 2000) , and the Ledger Formation forms resemble Renalcis, Gordonphyton, and Tarthinia (de Wet et al. 1999; Riding 2000) or the diagenetic product of clotted Renalcid-like genera (Pratt 1984) .
The Ledger microbialite was deposited in a subtidal setting, judging from the lack of karst surfaces within the strata, the absence of vadose cements, or any other features indicative of subaerial exposure. Microbial buildups are indicative of submarine locations with high nutrient levels, characteristic of upwelling sites (Wright 1994) . Renalcis-like microbes are widely regarded as a relatively high-energy calcified microbial group capable of building a rigid structure (Pratt 1984; Riding 1991; Å lvaro et al. 1999) . Large open cavities within the Ledger Formation microbialite indicate that it must have been at least semi-rigid to maintain such spaces, analogous to interpretations from ancient mud mounds Monty 1995) . Coeval cementation produced a semi-rigid structure, conducive to the formation and preservation of submarine cavities.
The presence of channels, slumps, and breccias within the Ledger shows that the microbialites had relief above the sea floor. Coarse sediment in intra-reef channels, commonly observed in modern settings (spur and groove), has been recognized in ancient reef deposits and is interpreted as evidence of high-energy currents along windward margins (Hine and Mullins 1983; James and Klappa 1983) . Lack of micrite in the Ledger Formation supports the interpretation of a well-winnowed environment, as commonly occurs along modern shelf margins in high-energy facies (e.g., Wanless and Tedesco 1993) . Ooids, either washed in from adjacent shoals or forming in situ, also indicate the activity of currents (Harris 1979 (Harris , 1984 . By comparison to modern settings (Boardman and Bergstrand 1993) , the intercalation of the Ledger reef facies with ooid shoals indicates a highenergy shelf-margin depositional setting. Pratt (1989) and Kahle (2001) report similar microbial deposits of Late Cambrian and Silurian ages, respectively. The deposits are interpreted as having formed as reefs on shallow ramps or shelves (Pratt 1989; Kahle 2001) .
In the Ledger Formation, internal marine sediment overlying, and overlain by, cavity cements indicates that marine waters circulated through the voids concurrently with framework development (e.g., Lighty 1985) . The fibrous and crenulated cement forms, their association with marine sediment, the abundance of cement fragments as ooid nuclei and intraclasts (Bathurst 1975) , and a lack of dissolution features suggest a syndepositional, submarine origin for the cements (Harris et al. 1985) . The quantity of cement indicates that pore-water circulation was robust and long-lasting (Marshall 1983 ).
Mechanisms of Cavity Formation
Substrate Instability.-Ledger cavities of the first type, those associated with sediment disruption, are interpreted to have formed in response to substrate instability. The jumbled and rotated blocks associated with cavities of this type can often be reconstructed back to their original beds. These blocks, and hence the cavities, did not form by transport. Rather, they formed by processes like slumping and channel cutting, which are indicative of a partially lithified substrate that underwent episodic periods of soft-sediment deformation or erosion (as discussed in Monty 1995). The juxtaposition of lithified microbialite and nonlithified grainstone also created the potential for generating bedding-parallel cavities (de Wet et al. 1999) . Excavation of the sands between layers of early-cemented crusts (Bathurst 1980) or winnowing of sediment between microbial mats on the sea floor (Pratt 1982) would have generated the first type of Ledger cavities.
Stromatactis.-In spite of their exceptional size, Ledger cavities of the second type are interpreted to be stromatactis cavities. Because of the age of the Ledger rocks and size of the cavities, a number of mechanisms for stromatactis formation can be eliminated, including root action (Beckstadt 1974) , extensive burrowing (Shinn 1968) , and major sponge construction (Bourque and Gignac 1983; Bourque and Boulvain 1993) . The correlation between the Ledger's large cavities and the predominance of microbial host material is likely the key to any explanation for their generation. One plausible explanation that includes this correlation is that seawater trapped in underlying layers by rapidly growing overlying calcifying microbialite would escape episodically, producing cavities (Heckel 1972; Lees and Miller 1995) . As discussed by Pflüger (1999), organic matter may be up to 99% water, with a high propensity for shrinkage and dewatering. Therefore, it is likely that the Ledger stromatactis-type cavities formed by water-escape processes. The association of stromatactis cavities and subvertical fissures supports this interpretation (recall Figs. 4, 7, 8) : the stromatactis cavity representing the water-accumulation void, and the fissure showing where the water ultimately escaped. Penecontemporaneous colonization by Renalcis-like organisms, and rapid cementation, supported the cavities until subsequent cements and sediments eventually occluded them.
CAVITY-FILLING CEMENTS
Description and Interpretation
Earliest void-filling cements in the Ledger Formation cavities consist of multiple (up to twelve) generations of cream-colored to gray, non-ferroan, fibrous crystals that line cavities isopachously. The fibers consist of bundles of crystals radiating perpendicular to the substrate towards the pore center. Under crossed nicols, each bundle exhibits undulose extinction. The crystals have curved twin planes, convergent optic axes, and divergent subcrystals, indicative of radiaxial fibrous calcite (Kendall 1985) . Coarser, more equant calcite distinguishes some bands, and may directly overlie internal sediment. Dolomite microinclusions commonly occur as clusters within the radiaxial fibrous cement or along intracrystalline boundaries. Radiaxial fibrous cements are always the first cement to precipitate within the Ledger cavities.
Overlying the radiaxial fibrous cements are up to four generations of crenulated calcite cement, also containing dolomite microinclusions, in isopachous bands consisting of dark and light layers (Fig. 9) . The distinctive crenulated dark and light layers are not individual growth bands, but each pair of dark and light represents a series of elongate crystals with changing crystallographic properties (Fig. 10) , termed herringbone calcite cement by Sumner and Grotzinger (1996a) . In herringbone calcite the optically nonoriented bases of the crystals form the macroscopic dark layers and the optically aligned upper portion of the crystals results in the light layers (Sumner and Grotzinger 1996a) . SEM imaging of the Ledger herringbone calcite shows the irregular distribution of crystals within individual layers (Fig. 11) . The layering is not thought to be influenced by elemental concentration, and minor-element concentrations (Fe, Mg, Mn, and Sr) within individual crenulations were below the detection limits for elemental mapping using EDAX; other geochemical results are presented in the following section.
Radiaxial fibrous and herringbone calcite cements occur within the same cavity, but herringbone calcite never precipitates directly on microbial substrates. It only overlies radiaxial fibrous cement. Individual herringbone bands may be up to four centimeters thick, almost eight times as thick as adjacent radiaxial fibrous bands. Both cement types are nonferroan on the basis of staining (Dickson 1966) , and have dull to nonluminescent cathodoluminescence. Although herringbone calcite and radiaxial fibrous cements are described in several Phanerozoic examples of carbonate buildups (Sumner and Grotzinger 1996a) , their juxtaposition within cavities is more unusual; thus the petrographic and geochemical relationships of the two cements within the Ledger cavities potentially elucidate the environmental conditions that led to herringbone calcite precipitation.
Geochemical and Stable-Isotope Results
Trace-element composition of separate generations of herringbone calcite and radiaxial fibrous cements reveal negligible geochemical differences between them, particularly for Fe and Mn (Fig. 12) . The median Mn of herringbone calcite samples is 61 ppm, median Fe is 133 ppm, Sr 336 ppm, and Mg 3,506 ppm. Radiaxial fibrous calcite contains a median of 56 ppm Mn, 139 ppm Fe, 360 ppm Sr, and 10,385 ppm Mg (Table 1 ). The difference in Mn values are consistent with cathodoluminescence petrography that showed herringbone calcite in Ledger cavity cements had dull luminescence, whereas the radiaxial fibrous was very dull to nonluminescent. Sufficient Mn is present in the herringbone cement to cause some luminescence (Budd et al. 2000) , but iron concentrations are not so high as to quench that luminescence.
Herringbone calcite ␦ 18 O values differ from radiaxial calcite ␦ 18 O values. The median herringbone ␦ 18 O value is Ϫ12‰ V-PDB, whereas the median ␦ 18 O value for radiaxial fibrous calcite is Ϫ10‰. Radiaxial fibrous calcite has a median ␦ 13 C value of 0.8‰, and herringbone calcite has a median ␦ 13 C value of Ϫ0.02‰ (Table 1) . A plot of these values (Fig. 13) illustrates that some herringbone calcite samples exhibit more negative carbon isotope compositions, and their oxygen isotope compositions are consistently more negative relative to the radiaxial fibrous calcite.
Interpretation of Geochemical and Stable-Isotope Results
Minor-element and stable-isotope compositions of fibrous marine cements can be useful to constrain physicochemical conditions during precipitation of the herringbone calcite. Any such interpretation must also account for geochemical alteration resulting from recrystallization and diagenetic overprinting of the geochemistry. Shallow marine radiaxial fibrous cements are typically interpreted as high-Mg calcite, which stabilizes to low-Mg calcite during diagenesis (Lohmann and Meyers 1977; Videtich 1985) ; similarly, herringbone calcites are inferred to have a Mg-calcite precursor (Sumner and Grotzinger 1996a) . Magnesium partitioning into calcite is favored in warm seawater (Mucci 1987; Burton and Walter 1987) . The shallow-water setting of the Ledger Formation and the plethora of dolomite microinclusions within all of the Ledger fibrous cements suggest that they had an initial Mg-rich mineralogy (Lohmann and Meyers 1977; Tobin and Walker 1994) . Therefore, the now low-Mg radiaxial fibrous and herringbone calcite cements must have experienced at least modest alteration during diagenetic stabilization.
Oxygen isotope compositions, in particular, are useful to distinguish the effects of diagenesis because they are typically reset during burial and exchange with warm, water-rich diagenetic fluids (Banner and Hanson 1990) . Fibrous calcites in the Ledger Formation fall into two groups, on the basis of their stable oxygen isotope compositions (Figs. 12, 13) . The large range in oxygen isotope compositions, but much smaller variability of carbon isotope compositions, suggest that all of the cements are recrystallized to some degree, though the carbon remains predominantly rockbuffered. Dolomite microinclusions are likely responsible for the relatively high Mg contents in all of the cement phases (Table 1) but may indicate that the high-Mg to low-Mg calcite transformation took place in a relatively closed system, at least with respect to Mg (Dickson 2002) .
The calcite cements form two groups differentiated only by their carbon and oxygen isotope values (Fig. 13) . The herringbone calcites have variable but generally lower carbon values (ϩ0.9 to Ϫ0.7‰) and lower ␦ 18 O values, (Ϫ11.1 to Ϫ13.7‰). The oxygen isotope values are almost certainly not pristine. The shift towards lighter oxygen reflected in the herringbone calcites relative to the radiaxial fibrous calcite indicates either that they precipitated from a fluid with a different starting isotope composition or that they are more receptive to diagenetic alteration than the radiaxial fibrous cements. Because both types of cement are marine, it is unlikely that the starting oxygen isotope composition would be significantly different; therefore, it seems most plausible that the herringbone calcite morphology is more receptive to diagenetic alteration. With a starting value of Ϫ6‰ V-PDB for the oxygen isotope composition of Cambrian seawater (Lohmann and Walker 1989), the herringbone calcites are shifted at least Ϫ5 permil, but the radiaxial fibrous cements are only depleted by about Ϫ2.3 permil.
Whether ␦ 13 C values are also reset is another issue. Resetting of carbon isotopes during diagenetic alteration typically occurs only for systems affected by large water:rock ratios, possibly several orders of magnitude greater than is needed to affect oxygen isotopes (Banner and Hanson 1990) . If the rock:water ratio was not high enough to reset ␦ 13 C values, then the carbon isotope ratios in the herringbone cements may reflect original values of dissolved carbon as the cavities closed up, that is, a ''pristine'' ␦ 13 C of ϳ0‰.
It is important to emphasize that all of the fibrous cements are isotopically reset, at least in terms of oxygen, and that in the same cavity herringbone cement appears to have experienced more extensive isotopic exchange with burial fluid than did the radiaxial fibrous cement. The complex crystal form of the herringbone calcite may contribute to higher lattice stress, and therefore more readily facilitate isotopic exchange. Interestingly, in both types of cements the crystals are petrographically well preserved, but are not geochemically so. Therefore, carbon and oxygen isotope compositions from these cements can constrain, but not confidently quantify, the characteristics of modified marine fluid from which they precipitated.
DISCUSSION
Significance of Meter-Scale Cavities
The recognition of large submarine cavities and mechanisms for their generation provide insight into shelf-margin depositional processes such as sediment stabilization, submarine erosion, shelf and slope instability, and large-scale water-escape processes in sediments. The cavities found in the Ledger are not unique and suggest that stabilization and erosion and disruption processes are widespread. Strata containing large horizontal fractures, somewhat analogous to the Ledger cavities, were also described from shelf-margin and forereef-slope deposits in the Virgin Hills Formation, Canning Basin, Western Australia (Playford 1980) . There the fractures are interpreted as having formed when lithified layers of forereef material moved downslope, causing bedding-plane partings to develop (Playford 1980) . Some of the Ledger Formation cavities also reflect differential lithification and disruption by currents and erosion (de Wet et al. 1999 ). Fold hinge cavities, similar to those described here, have been reported from the Cow Head Group in Newfoundland (Coniglio 1986 ). Long (1 m) and narrow (5 mm high) cavities in Jurassic peritidal carbonate strata are interpreted as having formed through submarine current erosion of nonlithified sediment from between lithified layers (Gray and Adams 1995) , generating void spaces on a scale similar to that of the Ledger cavities. In all these examples, it is apparent that sediment instability and erosion, caused by storm or wave activity (Gray and Adams 1995; Pratt 1982; Pratt and James 1982) , or shelf margin and slope failure (Playford 1980; de Wet et al. 1999) , can generate cavities. Cavities of this type can be considered ''destructional cavities,'' as opposed to typical constructional cavities formed by framework growth of scleractinian corals, or other biologically controlled voids, e.g., sponge-bryozoan-microbe shelter cavities described from Devonian Canning Basin, Australia reef strata (Wood 2000) , or from the Permian reef complex, Delaware Basin, U.S.A. (Wood et al. 1994; Kirkland et al. 1999) . The presence of broken cement fragments forming Ledger intraclasts and ooid nuclei attests to the vigor of these ''destructive'' cavity-forming processes. Other examples of destructive processes of cavity formation are likely to be recognized from diverse sedimentary successions, providing information about current activity and erosion from rocks where such information might otherwise be difficult to elucidate.
Discussion of stromatactis-type cavities is primarily in the mud mound literature (see Monty 1995 for a summary). Meter-scale stromatactis cavities are considered rare by Monty (1995) . He suggests that Bourque and Boulvain's (1993) model for interstitial water circulation might form large cavities, or that keystone collapse of blocks of strata could generate meterscale voids, but neither of those types of cavities resemble the Ledger cavities. However, flame structures, associated with cavity roof fractures, described from Belgian mud-mound strata (Monty 1995) appear similar to many of the cavity roof fissures described here, differing chiefly in scale. The Belgian examples are only a few centimeters long or high. Monty (1995) interprets them as having formed when plumes of gas and/or water escaped from an underlying cavity. Monty (1995) suggests that the activity or degradation of microbes would generate gases that accumulated until overlying strata cracked open, allowing them to escape. This is similar to the mechanism proposed here for the Ledger stromatactis cavities, the Ledger ones being on a larger scale and being driven primarily by water escape rather than gas escape. Gas escape, such as from methane, can be ruled out from the Ledger Formation because no light carbon isotopic signature, indicative of methane, was found in the Ledger cavity cements.
Significance of Herringbone Calcite in the Succession of Ledger Cavity Cements
Three specific parameters constrain the Ledger herringbone calcite cement: it never nucleates on microbial substrates; it always postdates radiaxial fibrous cement; and it is always the final marine precipitate inside of the cavities. Therefore, precipitation of herringbone calcite favors nucleation on pre-existing crystals (radiaxial fibrous crystals in the case of the Ledger), a situation also observed by Sumner and Grotzinger (1996a) . Precipitation of herringbone calcite must also reflect conditions related to porosity reduction and pore-throat constriction, at least relative to conditions that favor precipitation of radiaxial fibrous calcite. In addition, one of the most striking features of the cement-filled cavities is the abrupt transition between radiaxial fibrous and herringbone generations. Some mechanism must be responsible for rapidly switching one morphology to another, and back again, up to 16 times in the largest cavities. Sumner and Grotzinger (1996a) suggest that very slow diffusion rates are needed to form the complex crystallographic properties that distinguish herringbone calcite from other forms of calcite. Precipitation rates can be reduced while still maintaining highly saturated solutions when ion inhibitors are present in the pore fluid (Sumner and Grotzinger 1996b) . Such inhibitors can reduce the rate of nucleation of new crystal as well. Proposed ion inhibitors for calcite include Mn 2ϩ , Fe 2ϩ , Mg 2ϩ , and SO 4 2Ϫ , among others (Meyer 1984) , and Dromgoole and Walter (1990) report that Fe 2ϩ is a very strong calcite inhibitor, even at low concentrations. Mn 2ϩ , although less strong an inhibitor for calcite precipitation, may still serve to slow nucleation and diffusion processes (Dromgoole and Walter 1990) . In order for this mechanism to operate, the cations must be in their divalent form, reflecting anoxic conditions in their host fluid. The resultant calcites are thus Fe and Mn rich.
None of the Ledger herringbone calcites, however, contain elevated Fe or Mn concentrations (Fig. 12) . Our analyses, in fact, suggest normal Fe and Mn values for ancient calcites. This suggests that it is not the presence or absence of metals that triggers herringbone precipitation, but the Eh of the pore fluids from which they form. Rather than an increase in iron or manganese concentration, suboxic to anoxic conditions promote precipitation of herringbone calcite. Iron and/or manganese may serve as proxies for anoxia, if they occur in sufficient quantity to become incorporated into cements. Our results suggest that the slightly depleted ␦ 13 C values we observed in the Ledger herringbone calcite, relative to radiaxial fibrous calcite, may also be related to anoxic, or at least suboxic, conditions.
The rapid transitions between radiaxial fibrous and herringbone cement forms are reminiscent of the rapid changes observed in some zoned calcite cements under cathodoluminescence (Meyers and Lohmann 1985) . Typically the abrupt and frequent transitions between luminescent and nonluminescent zones are interpreted as reflecting rapid changes in redox state in the pore fluids from which the calcite is precipitated (Barnaby and Rimstidt 1989) . Similarly, the frequent and abrupt transitions between cement morphologies observed in the Ledger cavities may reflect changes in the redox state of cavity fluids. For example, cavity waters were initially oxygenated and radiaxial fibrous cements formed. As cavity pore waters became reduced, precipitation of herringbone calcite was favored. In most cavities, bands of radiaxial fibrous calcite occur between bands of herringbone calcite, indicating an event(s) that renewed oxygen into cavity pore waters. Storm-driven pore-water circulation is a likely mechanism because field and petrographic evidence shows that major storms affected the reef, breaking up microbialite and submarine cement. The presence of cement intraclasts and ooid nuclei demonstrates that the cavities were subject to large-scale destructional storm events. Such storms would be capable of flushing cavities with oxygenated waters, which would gradually have become reduced over time. Anoxic, or at least dysoxic, periods may have lasted longer than periods of renewed oxygen, explaining the successions of thick herringbone calcite relative to thinner layers of radiaxial calcite inside the cavities. In modern reefs, pore waters may become anoxic within a few centimeters of the surface of the reef Tribble et al. 1990; Tribble et al. 1992 ), so it is likely that the same process occurred in the Ledger reef cavities. Algal and bacterial decay may have consumed oxygen faster than it could be replenished by fair-weather seawater circulation, further promoting anoxia in the cavities.
Most reported occurrences of herringbone calcite interpret it to be either a seafloor precipitate in an iron-rich, anoxic subtidal setting (six occurrences, all Precambrian), or a reef-flat or reef-margin cavity fill (four Paleozoic, one Eocene) (summarized in Sumner and Grotzinger 1996a) . A mid-Ordovician carbonate buildup containing herringbone calcite in stromatactoid cavities bears greatest similarity to the Ledger herringbone calcites, but in that example fibrous and herringbone calcites do not exist in the same cavities, or even in the same stratigraphic horizon (Sumner and Grotzinger 1996a) .
Herringbone calcite may be an important indicator for oxygen levels in specific carbonate depositional environments. Its presence may also indicate iron and manganese concentrations above a threshold level so that rapid precipitation of fibrous calcite is retarded, thus promoting herringbone calcite, but this study indicates that anoxia may play a more important role.
CONCLUSIONS
In the Ledger Formation, the high-energy, nutrient-rich shelf-margin depositional setting was responsible for the abundant microbial growth, but also for rapid syndepositional cementation and substrate instability. Intrareef channel undercutting, storm activity, slumping, and the juxtaposition of lithified microbialite and nonlithified grainstone contributed to the formation of destructional cavities as high-energy currents affected the open shelf margin. Other cavities, formed through decay or erosion of microbialite, and water escape, generated large-scale stromatactis cavities which were colonized by microbial communities. The recognition of large submarine cavities and mechanisms for their origin may provide insight into shelf-margin depositional processes such as early sediment lithification and erosion, storm activity, shelf and slope instability, and water-escape phenomenon, particularly in strata from which it may otherwise be difficult to elucidate such information.
Seawater circulation, driven by currents associated with the shelf-margin setting, facilitated precipitation of multiple generations of marine cement in cavities of all types. Radiaxial fibrous calcite precipitated on cavity walls, floors, and ceilings, followed by herringbone calcite cement and/or internal sediments.
Herringbone calcite is associated with reduction of pore-throat and cavity size, and geochemical results indicate that pore-water oxygen depletion may have been the trigger that changed precipitation of radiaxial fibrous calcite to the herringbone calcite cement morphology. Organic decay of the microbial host material would have hastened anoxic conditions in the cavities, as evidenced by slight reduction in ␦ 13 C values in herringbone calcite relative to radiaxial fibrous calcite. Fe and Mn levels are not different in the two phases. Thus herringbone calcite need not be an indicator of elevated Fe 2ϩ and Mn 2ϩ conditions, as proposed by Sumner and Grotzinger (1996a,b) , just anoxia. Oxygen isotope results suggest, however, that herringbone calcite is more susceptible to diagenetic alteration than radiaxial fibrous calcite. Therefore, care should be taken when making interpretations of compositions of depositional pore-fluids on the basis of analyses of herringbone calcite.
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